The adsorptive removal of cefdinir, an antibiotic, from aqueous solutions on TiO 2 , SiO 2 and TiO 2 /SiO 2 nanostructures was studied by batch experiments. The SiO 2 particles were obtained from rice husk ash. Investigated were the effects of the solution pH, adsorbent dosage, initial adsorbate concentration, and solution temperature on both cefdinir uptake and removal. The studies suggest that the adsorption of cefdinir on the nanostructures was mainly due to the electrostatic interaction between the ionic adsorbate molecules and charged adsorbent surface sites. The adsorption isotherm data of TiO 2 and SiO 2 fit well to the Langmuir isotherm model and the Freundlich model for TiO 2 /SiO 2 . The thermodynamic studies indicated favorable and spontaneous occurrence of adsorption. The kinetic data of TiO 2 fitted best with PSO reaction model equation, and was described well by Weber-Morris diffusion model with dominating control mechanism of intraparticle diffusion and limited contribution of internal film diffusion.
Introduction
The pharmaceuticals incompletely metabolized and excreted by humans and animals or released from the pharmaceutical industry during manufacturing increase their amounts in wastewaters. Since they are polar molecules, they are generally soluble in water. Even at trace concentrations (ng L -1 or mg L -1 ) in various water sources, the presence of pharmaceutically active compounds has become a serious environmental and human health concern. Their chemical stability, microbial resistance, biologically active nature through accumulation and synergistic effects with other pharmaceuticals make long-term risks unpredictable [1] [2] [3] . Although pharmaceuticals have been released into the environment for several decades, they could not be detected due to their low concentrations. With the development of new and highly sensitive analytical techniques, their detection has been enabled 3, 4 . The pharmaceuticals commonly detected in water are anti-inflammatory drugs and analgesics, antacids, lipid-lowering drugs, beta blockers, and antibiotics 3, 5, 6 .
Antibiotics are the most widely used pharmaceuticals for the treatment of various infections in humans and animals. Since most antibiotics are non-biodegradable, they are the most commonly detected pharmaceutical in wastewater. Cefdinir is a third-generation semi-synthetic cephalosporin antibiotic frequently used for the treatment of bacterial infections in adults, children, and infants 7, 8 . It has excellent effects against a wide range of Gram-positive and Gram-negative bacteria causing acute respiratory disorders, acute chronic bronchitis, rhinosinusitis, and mild skin infections 8, 9 . The biological toxicity, non-biodegradable nature, and high level of suspended components found in the wastewater released during cephalosporin production make them a potential risk to the environment 10 .
There are various processes used for the removal of pharmaceuticals from wastewater, such as chemical and biological systems 8, [11] [12] [13] [14] , electrochemical treatment [15] [16] [17] [18] , advanced oxidation processes [19] [20] [21] [22] [23] [24] , and adsorption/biosorption 1, 4, 5, [25] [26] [27] [28] [29] [30] [31] [32] . The methods possess some drawbacks such as high cost, low removal efficiency, limitations for large-scale applications or formation of hazardous reactive intermediates. Adsorption is one of the most preferred methods, since it provides easy application, is economic and effective, and produces no toxic intermediates. Both the adsorbent properties (surface area, surface charge, porous structure, toxicity, etc.) and adsorption conditions (pH, contact time, initial pharmaceutic concentration, temperature, adsorbent dosage, etc.) determine the yield of the adsorption process. There are various adsorbents such as carbon-based materials 1, 4, 6, 33 , resins 30, 34, 35 , zeolite 36 , SiO 2 26, 37 , and TiO 2 38,39 used for the removal of pharmaceuticals and other organic pollutants.
In the present study, cefdinir, as the target antibiotic, was removed by adsorption using TiO 2 , SiO 2 , and TiO 2 /SiO 2 . Since TiO 2 and SiO 2 are non-toxic, stable, and inexpensive materials, they have been used in emerging application areas, such as environmental purification. TiO 2 is generally known for its effective photocatalytic property, while SiO 2 is known for its high surface area. In addition to their separate use, in most cases, their hybrid or composite structures have also been used as adsorbents and/or photocatalysts for the removal of different pollutants from aqueous solutions [40] [41] [42] [43] . The composites combine the photocatalytic ability of TiO 2 and high surface area of SiO 2 , and enhance effectiveness of this combination in the application area. Removal of pollutants from aqueous solution by photocatalytic degradation occurs in two steps: Adsorption of pollutant on photocatalyst surface and/or pores, and then its degradation by photocatalytic reactions. Thus, the adsorption process is a prerequisite step in photocatalytic degradation and should be well defined. There are studies in literature regarding the utilization of TiO 2 or SiO 2 in the removal of different pharmaceuticals from aqueous solution using adsorption 37, 44 and/or photocatalytic degradation [21] [22] [23] [24] . In addition, there are studies on the removal of different types of cephalosporin from pharmaceutical wastewater using photo-Fenton combined with UV-C irradiation 19 , sono-electrochemical catalytic oxidation-driven process 18 , biodegradation 8, 14 , bioadsorption 45 , and electrochemical processes 16, 17 . However, no studies were found for the use of TiO 2 , SiO 2 or their composites in the adsorptive removal of cefdinir.
The main objective of the study was to determine the adsorption performances of TiO 2 , SiO 2 , and TiO 2 /SiO 2 for the removal of cefdinir from aqueous solutions. The TiO 2 used in the present study was synthesized at low temperature, without calcination and without surface modification, as given by Yener and Helvacı 46 . On the other hand, the SiO 2 particles used were obtained from an environmentally friendly agricultural waste of rice husk ash, as described by Yener and Helvacı 46 . Considering all of these issues, the study aimed to clarify the adsorption mechanism using effective, economical, and environmentally friendly adsorbents of TiO 2 , SiO 2 , and TiO 2 /SiO 2 composites. In addition, the study focuses on the determination of the effective conditions for the adsorption of cefdinir, such as pH, initial cefdinir concentration, adsorbent dosage, and temperature.
Experimental Materials
Titanium tetrachloride (TiCl 4 , > 99 % purity, Merck) was used as a titanium precursor. Rice husk ash (RHA), kindly supplied by Erdoğanlar Food Industry and Business Company, was used as the silica source. Hydrochloric acid (HCl, 38 %, Merck) and sodium hydroxide (NaOH, 99 %, Merck) were used as pH regulator. Cefdinir of high purity (> 99.9 %) was kindly supplied by Sanovel Pharmaceutical Industry and Business Company. All chemicals were used as received without further purification. For all studies, ultra-pure water obtained from Millipore Direct Q3 system was used.
Synthesis and characterization of the adsorbents
TiO 2 , SiO 2 , and TiO 2 /SiO 2 nanostructures were synthesized applying the same method described in the previously reported study 46 . TiCl 4 was used as a titanium precursor, and rice husk ash (RHA) as a silica source. SiO 2 particles were extracted from the RHA under alkaline conditions. TiO 2 particles were synthesized at 95 °C by acid hydrolysis of TiCl 4 on the SiO 2 particles with a mass ratio of TiO 2 to SiO 2 of one.
The structural properties of the adsorbents were determined using proper instrumentation and the detailed results were given in the previous work 46 . The morphology of the nanostructures was determined by a field emission gun scanning electron microscope (SEM, FEI QUANTA 250 FEG). The surface charge of the nanostructures was measured using the zeta potential mode of the Malvern Zetasizer Nano ZS. Before the zeta potential measurements, the particles were dispersed in water at different pH, stirred for 3 h, and then allowed to settle by gravity for 24 h.
Adsorption studies
The adsorption performances of the nanostructures for the adsorptive removal of aqueous cefdinir solution were determined by batch studies. The adsorbents (0.1, 0.25, 0.5, 0.75, and 1.5 g L -1 ) were poured into 250 mL of aqueous cefdinir solution (5, 10, 20 , and 40 mg L -1 ) in a double-walled cylindrical batch reactor. With the addition of the adsorbents, the initial pH of the solution changed insignificantly and remained almost constant throughout the adsorption process. The temperature of the solution was tuned by circulating water at the desired temperature (25, 35 , and 50 °C) through the jacket of the reactor. The reactors were covered with aluminum foil to prevent ambient light into the suspen-sion. The suspension was stirred with magnetic stirrer at a constant stirring rate of 500 rpm in order to hinder the precipitation of the adsorbents for the homogeneity of the suspension. Samples were collected at predetermined time intervals by stopping the stirring. The samples were centrifuged at 6000 rpm for 20 min, and then the supernatant was filtered through a 0.20 mm polytetrafluoroethylene (PTFE) membrane syringe filter. Total sample volume did not exceed 10 % of the initial volume of the cefdinir solution. The cefdinir concentration was analyzed using high performance liquid chromatography (HPLC, Shimadzu 20A) equipped with a UV-Vis detector and an Inertsil ODS-4 column (5 mm, 250 mm x 4.6 mm). The mobile phase with a flow rate of 1.2 mL min -1 consisted of 50 % 100 mM NaH 2 PO 4 with a pH 2.1, and 50 % acetonitrile. The detection was monitored at 285 nm for cefdinir. The quantitative analyses were performed on the base of the calibration curve with a regression coefficient of 0.998. The calibration curve was obtained by measurement of the standard cefdinir solutions with concentrations of 0.625, 1.25, 2.5, 5, 7.5, 10, and 20 mg L -1 using the software package Shimadzu LC Solution version 1.25. All the adsorption experiments were performed at least three times to ensure repeatable results, and the average values were used during evaluation of the data.
The cefdinir uptake per unit mass of the adsorbents at equilibrium, q e (mg g -1 ), was determined as:
where C 0 and C e are the initial and equilibrium concentrations of cefdinir in solution (mg L -1 ), m ads is the mass of adsorbent (g), and V sln is the volume of the solution (L). The change in cefdinir uptake with respect to time was determined using Eq. (1) by replacing the equilibrium concentration, C e , with the concentration at time t, C t . The adsorption percentage of cefdinir was calculated using Eq. (2);
The effects of solution pH (4, 7, and 10), initial cefdinir concentration (5, 10, 20 , and 40 mg L -1 ), adsorbent dosage (0.1, 0.25, 0.5, 0.75, and 1.5 g L -1 ), and temperature (25, 35 , and 50 °C) on the adsorption performance were studied. Prior to the parametric studies, experiments in the absence of adsorbents were performed to investigate the effects of solution pH and temperature on cefdinir.
A reusability study was also performed in order to determine the reuse of the adsorbent. At the end of the first adsorption process, the adsorbent was separated from the adsorbate solution by centrifu-gation, washed several times with water, dried at 60 °C, and then reused in the second adsorption process. Washing of the adsorbent continued until no cefdinir was detected in the washing water. The same treatment procedure was applied after each use in the adsorption.
Results and discussion

Characterization of the nanostructures
The morphological and structural properties of the TiO 2 , SiO 2 , and TiO 2 /SiO 2 nanostructures were given in detail in the previous report 46 . The SEM images of the nanostructures are given in Fig. 1 . The SEM image of TiO 2 showed spherical agglomerates consisting of interconnected nanofibers. The surface of TiO 2 agglomerates was very smooth due to the small diameter of the nanofibers forming the surface of the sphere. The SEM image of SiO 2 revealed that it had no clear shape, but a highly porous structure. In the SEM image of TiO 2 /SiO 2 , it was observed that spherical TiO 2 particles covered the surface of SiO 2 . The presence of SiO 2 hindered agglomeration and this led to the homogeneous distribution of TiO 2 on the surface of SiO 2 . The BSE image given as inset in the SEM image of TiO 2 / SiO 2 also indicated the homogeneous distribution of bright colored TiO 2 spheres on dark colored SiO 2 surface. The properties of the nanostructures previously reported are summarized in Table 1 . At predefined conditions, TiO 2 and SiO 2 particles were in rutile and amorphous structures, respectively. All of the nanostructures used had mesoporous structure with the external surface area higher than the microporous area. Since TiO 2 particles covered the surface of SiO 2 (Fig. 1 ), the surface area of the SiO 2 decreased.
The zeta potentials (ZP) of the nanostructures with respect to the pH is given in Fig. 2 . Although the ZP of TiO 2 became positive or negative depending on the solution pH, the ZPs of SiO 2 and TiO 2 / SiO 2 were found to be negative at the pH range External area * (m 2 g -1 ) 89 402 137
Average pore diameter (nm) 2.90 5.50 6.50
Total pore volume (cm 3 g -1 ) 0.55 0.18 studied. The presence of TiO 2 on SiO 2 slightly increased the ZP of TiO 2 /SiO 2 compared to that of SiO 2 . The isoelectric point of TiO 2 was at 6.7.
Effect of solution pH
The adsorption experiments were performed at pHs 4, 7, and 10 by keeping the other adsorption conditions constant at the initial cefdinir concentration of 10 mg L -1 , temperature of 25 °C, and adsorbent loading of 1.5, 0.5, and 0.75 g L -1 for TiO 2 , SiO 2 , and TiO 2 /SiO 2 , respectively. Since the natural pH of the solution was 4, the pHs of 7 and 10 were adjusted using appropriate amounts of aqueous NaOH solution. The slight variation in solution pH throughout the adsorption time was considered negligible. The effect of the solution pH on cefdinir was also studied while there was no adsorbent in the solution. It was observed that the concentration of cefdinir changed unremarkably at pHs 4, 7, and 10 as 1.2, 3.6, and 5.2 %, respectively. The equilibrium cefdinir uptake of the adsorbents as a function of initial solution pH is given in Fig. 3 . The cefdinir uptake decreased with the increase in pH for all adsorbents. The pH of the solution affects the surface charge of the adsorbents and the ionic form of the adsorbate, depending on the degree of ionization of the surface groups, and accordingly the adsorption of cefdinir on the nanostructures. Cefdinir has three ionizable groups with pK a values of 1.9 (-COOH, carboxyl group), 3.3 (-NH 2 , amino group), and 9.9 (-OH, hydroxyl group) 7, 9, 47 . Thus, it was expected that the ionization degree of cefdinir would increase with an increase in solution pH. At pH 4, the attractive electrostatic interaction between the ionized cefdinir molecules and positively charged TiO 2 surface ( Fig. 2 ) favored the adsorption process. As the pH of the solution increased from 4 to 7, the surface became less positive, leading to the decrease in cefdinir uptake. Similarly, at pH 10, since the negatively charged surface sites of TiO 2 increased, the attractive interactions between the ionic cefdinir molecules and TiO 2 decreased. In that case, the increase in repulsive electrostatic interactions led to the decrease in adsorption uptake. Due to the negative surface charge of SiO 2 and TiO 2 /SiO 2 at the pHs studied, equilibrium uptakes were lower than that of TiO 2 . As the pH of the solution increased from 4 to 10, the SiO 2 and TiO 2 /SiO 2 adsorbents were more negatively charged, and thus the attractive electrostatic interactions between the ionic cefdinir molecules and the adsorbents became weaker. The trend in equilibrium uptake with respect to the solution pH indicated that the adsorption of cefdinir on the nanostructures was mainly due to the electrostatic interaction between the ionic adsorbate molecules and charged adsorbent surface sites. Since the highest equilibrium uptake was obtained at solution pH 4, further adsorption experiments were performed at this pH.
Adsorption isotherms
The equilibrium adsorption isotherms were used to elucidate the relationship between the amount of adsorbate both in solution and on the adsorbents, at a constant temperature. The equilibrium adsorption isotherms were studied at the initial cefdinir concentrations of 5, 10, 20, and 40 mg L -1 , at constant adsorbent loading of 0.1 g L -1 , temperature of 25 °C, and solution pH of 4. The change in cefdinir uptake with respect to time indicated that equilibrium had been reached within 10 h.
The adsorption data for the adsorbents as a function of initial cefdinir concentrations were analyzed by Langmuir, Freundlich, and Redlich-Peterson isotherm models. The Langmuir model has two assumptions; fixed number of active sites with the same energy and no interaction between the adsorbate species, that is saturated monolayer adsorption on the adsorbent surface 48, 49 . The model is given as 50 :
where q e and C e are the amount of equilibrium adsorbate uptake (mg g -1 ), and equilibrium adsorbate concentration in bulk solution (mg L -1 ), respectively. Q m is the maximum saturated monolayer adsorption capacity of the adsorbents (mg g -1 ), and K L is the equilibrium constant related to the affinity between the adsorbents and adsorbate (L mg -1 ). The Freundlich model describes the equilibrium data and adsorption characteristics for heterogeneous surface with non-uniform active sites 48,51 as:
where K F is the Freundlich constant (mg 1-1/n L 1/n g -1 ), and n is the Freundlich intensity indicating the magnitude of adsorption driving force or surface heterogeneity 48 . The Redlich-Peterson model is a combination of Langmuir and Freundlich models, and can be used for the adsorption equilibrium over a wide range of adsorbate concentrations. In addition, it can be applied in homogeneous or heterogeneous systems due to its versatility. The model is defined as 48 :
RP e e g RP e 1 K C q a C = +
where K RP (L g -1 ) and a RP (mg L -1 ) -g are the Redlich-Peterson constants, and g is an exponent changing between 0 and 1. The isotherm model parameters were estimated with a non-linear regression method. The non-linear fitting of each model was evaluated using the average relative deviation (ARD): 
where y e and y c are the experimental and calculated values of cefdinir uptake, and n is the number of samples.
The adsorption isotherms of the adsorbents fitted to the Langmuir, Freundlich, and Redlich-Peter- son models are given in Fig. 4 . The model parameters along with the ARD values given in Table 2 showed that Langmuir and Redlich-Peterson models adequately describe the adsorption of cefdinir on TiO 2 and SiO 2 . The proximity of exponent g to 1 transforms the Redlich-Peterson model to the Langmuir model indicating the monolayer adsorption of cefdinir on TiO 2 and SiO 2 with the homogeneous active sites. The maximum saturated monolayer adsorption capacity of the adsorbents, Q m of TiO 2 was found to be higher than that of SiO 2 revealing its higher adsorption capacity. On the other hand, both the model parameters and ARD values indicated that the data of TiO 2 /SiO 2 fit best with the Freundlich isotherm model. The linearity in the adsorption isotherm of TiO 2 /SiO 2 was also supported by the Freundlich intensity n, which was 0.93, close to 1, and by the exponent g in Redlich-Peterson, which equaled zero. Thus, cefdinir adsorption on TiO 2 / SiO 2 can be described as multilayer adsorption.
Since the value of n, which indicates the favorable adsorption, was less than 1, poor adsorption occurred on the surface of TiO 2 /SiO 2 . The variety in the surface property of the TiO 2 /SiO 2 due to the presence of both TiO 2 and SiO 2 in the structure with different active sites may have caused the heterogeneous adsorption.
Effect of adsorbent dosage
The adsorption experiments were performed at six different adsorbent dosages (0.1, 0.25, 0.5, 0.75, and 1.5 g L -1 ). The initial cefdinir concentration of 10 mg L -1 , temperature of 25 °C, and solution pH of 4, were kept constant throughout the experiments. The changes in adsorption percentage and cefdinir uptake with respect to the adsorbent dosage are given in Fig. 5 . As may be seen in Fig. 5(a) , for TiO 2 ,
F i g . 4 -Experimental equilibrium adsorption isotherms (•) fitted to the Langmuir (-----), Freundlich (··········) and Redlich-Peterson (--------) models (Adsorbent loadings = 0.1 g L -1 , T = 25 °C, pH = 4)
Ta b l e 2 -Isotherm parameters of Langmuir, Freundlich, and Redlich-Peterson models (Adsorbent loadings = 0.1 g L -1 , T = 25 °C, pH = 4)
Adsorbents the adsorption percentage increased with increasing adsorbent dosage, whereas for SiO 2 and TiO 2 /SiO 2 , it reached a maximum and then decreased. The increase in adsorption percentage was attributed to the increase in active sites at higher dosages 5, 26, 52, 53 . Nevertheless, although the equilibrium uptake was generally expected to be constant and independent of the adsorbent dosage, for all adsorbents studied, the cefdinir uptake decreased with the increase in adsorbent dosage ( Fig. 5(b) ). In order to elucidate this situation, it can be speculated that the excess amount of adsorbent in the solution may have led to the increase in collision between the particles causing agglomeration followed by a reduction in the uptake capacity 5, 25, 26, 53 . The decrease in equilibrium cefdinir uptake of SiO 2 and TiO 2 /SiO 2 with respect to the adsorbent dosage was higher than that of TiO 2 . The large sizes of SiO 2 and TiO 2 /SiO 2 induced agglomeration and reduction in the surface area, which led to the decrease in adsorption percentage after an adsorbent dosage, and a sharp decrease in uptake. Adsorbent dosages of 1.5, 0.5, and 0.75 g L -1 for TiO 2 , SiO 2 and TiO 2 /SiO 2 nanostructures, respectively, were selected for further studies in order to achieve high cefdinir removal.
Thermodynamics of adsorption
The adsorption mechanisms were predicted with thermodynamic studies conducted at the temperatures of 25, 35, and 50 °C with the adsorbent loadings of 0.1 g L -1 , and the initial cefdinir concentrations of 5, 10, 20, and 40 mg L -1 . The natural solution pH 4 was kept constant throughout the experiments. The effect of temperature on cefdinir was also studied while there was no adsorbent in the solution. It was found that the concentration of cefdinir unremarkably changed at temperatures 25, 35, and 50 °C as 1.4, 2.4, and 4.4 %, respectively. The thermodynamic properties were determined according to the laws of thermodynamics as:
where ΔG 0 is the Gibbs free energy (kJ mol -1 ), R is the universal gas constant (8.314 J mol -1 K -1 ), T is the absolute temperature (K), and K c is the dimensionless equilibrium constant. The relation between the enthalpy, ΔH 0 (kJ mol -1 ) and entropy, ΔS 0 (J mol -1 ) changes of adsorption, and ΔG 0 is expressed as:
The van't Hoff equation is obtained using Eqs. (7) and (8) The slope and intercept of lnK c versus 1/T plot gives the ΔH 0 and ΔS 0 , respectively, by assuming temperature independence of the enthalpy and entropy changes. The equilibrium constant K c can be calculated using the adsorption isotherm equilibrium constants (Langmuir and Freundlich) . In the present study, the dimensionless K c was obtained using the Langmuir equilibrium constant, K L by the following relation 48, 54 :
where M w is the molecular weight of the adsorbate (g mol -1 ), and the factor 55.5 is the number of moles of pure water per liter (1000 g L -1 divided by 18 g mol -1 ). Substitution of Eq. (10) into Eq. (9) gives:
The thermodynamic parameters were estimated with the help of the linear plot of ln K c versus 1/T corresponding to the van't Hoff equation with high regression coefficients, R 2 (0.994, 0.988, and 0.984 for TiO 2 , SiO 2 , and TiO 2 /SiO 2 , respectively). The parameters are given in Table 3 . The negative values of ΔG 0 for all adsorbents at all temperatures indicated the favorable and spontaneous occurrence of the adsorption process. The increase in negative value of ΔG 0 with the increase in temperature confirmed the favorability of the adsorption at high temperatures.
The positive values of ΔH 0 showed that the cefdinir adsorption on the adsorbents was endothermic, i.e., the adsorption enhanced with the increase in temperature. In addition, the positive values of ΔS 0 indicated the randomness at the solid-solution interface. The proximity of the thermodynamic parameter values of TiO 2 and SiO 2 pointed to the similarity in their adsorption mechanisms. However, the low values of ΔG 0 and high values of both ΔH 0 and ΔS 0 of TiO 2 /SiO 2 showed that its adsorption tendency was lower, and its randomness at the solid-solution interface was higher than that of TiO 2 and SiO 2 . The isotherm studies also showed the heterogeneity in the cefdinir adsorption on TiO 2 / SiO 2 .
Adsorption kinetics
Among the adsorbents studied, TiO 2 was found to be the most effective for the removal of cefdinir from aqueous solution. In order to enhance the adsorption performances of SiO 2 and TiO 2 /SiO 2 nanostructures, some surface modifications should be applied to change their surface properties. Therefore, the kinetic study was performed for TiO 2 in order to clarify its adsorption mechanism. The effect of solution temperature on the adsorption behavior was studied kinetically to predict the adsorption uptake and adsorption mechanism. The adsorption mechanism can be described by adsorption reaction and adsorption diffusion models. Adsorption reaction models are based on chemical reaction kinetics. However, adsorption diffusion models can be de-scribed on the basis of a number of sequential steps: (1) mass transport in bulk solution phase; (2) diffusion across the liquid film surrounding the adsorbent particle (external or film diffusion); (3) diffusion within the pores and/or along the pore walls of the adsorbent (internal or intraparticle diffusion); (4) adsorption and desorption between the adsorbate and active sites (physisorption or chemisorption). The most widely used adsorption reaction models are pseudo-first-order (PFO) and pseudo-second-order (PSO) reaction models. The first-order rate equation of Lagergren 55 can be expressed as follows 56 :
where q t is the amount of adsorbate uptake (mg g -1 ) at any time t, and k 1 is the pseudo-first-order rate constant (h -1 ). The second-order rate equation of Blanchard et al. 57 can be presented as:
where k 2 is the pseudo-second-order rate constant (g mg -1 h -1 ).
The changes in cefdinir uptake with time at different temperatures are given in Fig. 6 . The kinetic parameters were estimated using non-linear regression by fitting the experimental data to pseudo-firstand pseudo-second-order model equations. The model parameters are given in Table 4 . The thermodynamic studies indicated the endothermic nature of the cefdinir adsorption on TiO 2 . The kinetic studies also revealed this result, and for both models, the change in temperature from 25 and 35 °C to 50 °C significantly increased the model rate Ta b l e 3 -Thermodynamic parameters for cefdinir adsorption on TiO 2 , SiO 2 , and TiO 2 /SiO 2 adsorbents (Adsorbent loadings = 0.1 g L -1 , pH = 4) Adsorbent T (°C) DG 0 (kJ mol -1 ) DH 0 (kJ mol -1 ) DS 0 (J mol -1 K -1 ) Besides the reaction models, the experimental kinetic data was also evaluated in terms of diffusion mechanisms. Since both the mass transport in the bulk solution phase, and adsorption and desorption between the adsorbate and active sites occur very quickly, they have negligible contribution to the adsorption kinetics. Thus, the diffusion mechanism is generally characterized by liquid film or intraparticle diffusion, where one is predominant over the other and controls the adsorption. The Weber-Morris equation 58 derived from Fick's law for adsorbent diffusing in spherical adsorbent can be used for the determination of the rate-limiting mechanism. In Weber-Morris model, the uptake varies with the square root of adsorption time as 58 :
where k int is the intraparticle diffusion rate constant (mg g -1 h -1/2 ), and C is the apparent thickness of the film boundary layer (mg g -1 ). If intraparticle diffusion is solely controlling the adsorption as a rate-limiting step, the plot of q t versus t 1/2 is a straight line passing through the origin. However, if the plot gives an intercept, then the adsorption kinetics may be controlled by film and intraparticle diffusion simultaneously. The Weber-Morris plot and kinetic parameters of cefdinir uptake at different adsorption temperatures are given in Fig. 7 (a) and Table 5 , respectively. At all solution temperatures studied, since no lines in the Weber-Morris plots ( Fig. 7(a) ) passed through the origin, the cefdinir adsorption was not solely controlled by intraparticle diffusion but also affected by film diffusion. At the solution temperature of 25 °C, one linear regime was observed for the adsorption of cefdinir, whereas multi-linear regimes were observed for 35 and 50 °C. The intraparticle diffusion rate constants were determined by linear regression. No significant relation was observed between the intraparticle diffusion rate constants and temperature. However, the intercept C increased with an increase in temperature, indicating the boundary layer effect on adsorption. In addition, for the temperatures of 35 and 50 °C, the intraparticle diffusion constants in the first linear regimes were found to be higher than those in the second regimes. This may be explained by the fast adsorption on the meso-and macropores of the adsorbent following slow adsorption on the micropores, as reported by Zhu et al. 49 The plots of the Weber-Morris model ( Fig. 7(b) ) were predicted using the estimated constants given in Table 5 . The size of a cefdinir molecule was estimated with the help of Van der Waals radii approximation, at ca. 0.9 nm. Since the average pore diameter of TiO 2 (2.90 nm) is much larger than the size of a cefdinir molecule, the cefdinir molecule may diffuse easily through the pores of the adsorbent. In order to determine the controlling mechanism (film diffusion or intraparticle diffusion), the experimental data was fitted to the models describing both diffusion mechanisms. The film diffusion mass transfer rate equation presented by Boyd et al. 59 was used. This model assumed a liquid film of adsorbate surrounding an adsorbent particle. Due to the difference between the pore size of the adsorbent and molecule size of the adsorbate, the film diffusion may also occur inside the pores between the internal pore surface and bulk solution in the pores. Thus, the kinetic model for the internal film diffusion can be expressed as:
where k fd (h -1 ) is the liquid film diffusion rate constant. The liquid film diffusion constants at different temperatures were estimated from slopes of the ln(1-q t /q e ) versus t plots, and are given in Table 5 .
The liquid film diffusion rate constants increased with the increase in temperature due to the high molecular motion at high temperatures. The adsorption kinetics predicted using the film diffusion mass transfer rate model is given in Fig. 7(c) . The model poorly describes the adsorption kinetics of cefdinir on TiO 2 . The intraparticle diffusion model was also used to determine the rate-controlling mechanism. The diffusion model by Fick's law in terms of adsorbate uptake, q, is given as:
where r is the radial position, and D e is the effective diffusion coefficient (m 2 h -1 ). Eqn. (16) can be solved by the assumptions of (i) homogeneous pore distribution in the spherical adsorbent, (ii) initially no adsorbate at the adsorbent surface, and (iii) constant adsorbate concentration at the surface 49 
where n is the integer, and R is the radius of the adsorbent (m). The simplified form of Eqn. (17) known as homogeneous particle diffusion model is given as 49,62 :
The effective diffusion coefficient was estimated using the non-linear fit of the experimental data to the model equation given in Eqn. (18) . The radius of the TiO 2 adsorbent, which was determined using SEM images, was taken as 1.5 mm. The effective diffusion coefficients and adsorption kinetics predicted from homogeneous particle diffusion model are given in Table 5 and Fig. 7(d) . Similar to the internal film diffusion rate constants, the effective diffusion coefficient increased with the increase in temperature, enhancing the rate of molecular motion. The regression coefficients and the ARD% values indicated the suitability of the kinetic model to the experimental data. As may be seen from Table 5 and Fig. 7 , among the kinetic models investigated, the cefdinir adsorption kinetics of TiO 2 can be described well by Weber-Morris diffusion model with dominating control mechanism of intraparticle diffusion, and by limited contribution of internal film diffusion.
Reusability of the adsorbent
Because TiO 2 showed the highest adsorptive performance, a reusability study was performed only on this adsorbent. TiO 2 was treated after the adsorption and then reused in the sequential adsorption processes. The treatment was performed by washing the adsorbent with distilled water instead of regeneration. In regeneration studies, in order to remove the residual adsorbate from the surface and/ or pore of the adsorbent completely, calcination at high temperatures is usually applied. However, since the synthesis of TiO 2 in the present study included no calcination, which significantly affects the properties of the samples, the adsorbent was not calcined for regeneration. Three reusability cycles were performed and adsorption percentages for the first, second, and third use were obtained as 95, 83, and 72 %, respectively. The reduction in the adsorption percentage after each respective use was presumably due to the unremoved cefdinir molecules which covered and/or blocked the surface and/or pore of the adsorbent TiO 2 . In order to prevent this, some chemicals with high cefdinir solubility may be used for washing instead of distilled water.
Conclusion
TiO 2 , SiO 2 , and TiO 2 /SiO 2 nanostructures were used as adsorbents in the removal of cefdinir from aqueous solution. The effects of the adsorption conditions (solution pH, adsorbent dosage, initial adsorbate concentration, and solution temperature) on the adsorption performances were investigated. The changes in both the uptake and adsorption percentage with respect to solution pH indicated the electrostatic interaction between the ionized cefdinir molecule and surface charged nanostructures. The pH and temperature for the highest cefdinir removal were found as 4 and 25 °C for all adsorbents. The large size and high surface area of SiO 2 and TiO 2 / SiO 2 led to easy agglomeration of the particles. At high adsorbent dosages, the adsorption percentage decreased because of the decrease in active sites with agglomeration. Thus, the adsorbent dosage passed through a maximum. The optimum adsorbent dosages were estimated at 1.5, 0.5, and 0.75 g L -1 for TiO 2 , SiO 2 , and TiO 2 /SiO 2 , respectively.
The relation between the adsorbate molecule both in the solution and on the adsorbent surface was defined by the Langmuir and Freundlich isotherm models for TiO 2 and SiO 2 , and TiO 2 /SiO 2 , respectively. The thermodynamic studies indicated favorable and spontaneous occurrence of the adsorption process. Among the adsorbents studied, the adsorption performance of TiO 2 was found to be higher than that of other adsorbents. The PSO reaction model best defined the cefdinir adsorption mechanism of TiO 2 . In addition, the adsorption kinetic mechanism of TiO 2 can be described well by Weber-Morris diffusion model by dominating control mechanism of intraparticle diffusion and limited contribution of internal film diffusion. The reusability study also indicated the efficient use of TiO 2 in sequential adsorption processes. Thus, besides the good photocatalytic property of TiO 2 , it could be a promising adsorbent for the removal of pharmaceuticals or other organic pollutants from aqueous solution. 
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